revealed considerable variation in mutation spectra be-DNA damage accumulates with age, and DNA repair tween different tissues. These differences likely reflect defects can cause phenotypes resembling premature functional characteristics of those tissues, such as miaging. We discuss how cellular DNA damage retotic rate, transcriptional activity, metabolism, and the sponses may contribute to manifestations of aging.
passage in culture, a process termed replicative senescence. Replicative senescence has been employed as 2004), which found that many nuclear genes involved in critical neural functions show reduced expression afa cellular model for aging; many mutations in DNA repair genes that cause premature aging phenotypes also ter age 40, concomitant with elevated levels of oxo8dG and DNA damage in their promoters. However, the high confer premature replicative senescence (Table 1) .
Replicative Senescence Differs between Human levels of oxidative DNA damage found by these investigators is at odds with other much lower estimates of and Mouse Cells In many primary human cell lines, replicative senesthe amount of oxidatively damaged DNA in cells (Hamilton et al., 2001). This highlights the difficulty of accu-
cence occurs secondary to attrition of the ends of the chromosomes, the telomeres, in a process termed "inrately measuring ROS and oxidative damage experimentally. Additional unresolved issues concerning the trinsic senescence" (Itahana et al., 2004). In mammalian cells, the ends of the chromosomes consist of a ter-ROS theory of aging exist that will require clarification. If ROS are indeed an important source of aging-associminal 3# single-stranded tail, the G strand overhang, which is buried into adjacent double-stranded repetiated damage, it is currently unclear whether nuclear or mitochondrial DNA is the most relevant functional tive telomeric DNA, forming a protective "t loop" higherorder structure (de Lange, 2002) . This t loop is stabitarget (Barja and Herrero, 2000; Hamilton et al., 2001 ). Among long-lived mutants, the correlation with oxidalized by a "D loop," or displacement loop: the region formed between the invading end of the telomere into tive stress resistance is a frequent but not universal one: in some mutants, longevity occurs despite unadjacent double-stranded DNA. The G strand overhang is the substrate for the enzyme telomerase, which emchanged resistance to ROS or other forms of stress. Additionally, mice heterozygous for a mutation in the ploys an RNA template, Terc, to extend telomeres during S phase, thereby countering the natural shortening mitochondrial enzyme that processes superoxide, Sod2, live out a normal lifespan, despite accumulating higher of telomeres that would otherwise occur with each cell division. Telomerase access to its substrate is, in turn, levels of nuclear and mitochondrial 8oxodG with age (Van Remmen et al., 2003). Thus, while several lines of regulated by telomeric proteins, which also modulate the conformational changes required for telomere replievidence argue for important role for ROS in aging, many questions remain regarding this hypothesis. In cation and subsequent reestablishment of a protective end structure. In many types of human cells, including this regard, it is possible that additional mutations may be required to fully unveil potential effects of ROS fibroblasts, telomeres shorten with each successive generation. Critically short telomeres trigger the onset (see below).
of senescence through a process that may involve loss of the t loop structure and/or loss of protective proteins Cellular Senescence: A Link between Cellular (referred to as "uncapping" Genomic instability or DNA repair defects of ATM deficiency could contribute to the aging-like features of this disorder (see below). In this context, the premature cellular senescence phenotype of ATM deficiency is rescued by p53 deficiency ( ficiency, rather than due to impaired DNA repair. Osteopenia, for example, could result from elevated glucoare repaired concomitant with large deletions and/or translocations; thus, absent or even decreased levels corticoid levels induced by chronic physiologic stress from infection or malnutrition associated with intestinal of NHEJ also might contribute to accelerated aging.
The observation that phenotypes resembling acatrophy. The degenerative changes in afflicted strains of DNA-PKcs-and Ku80-deficient mice affect only a celerated aging have been described in one strain each of Ku80-and DNA-PKcs-deficient mice potentially suplimited subset of organs. Therefore, either these NHEJ factors are only involved in suppressing aging-related ports this model. Thus, a line of Ku80-deficient mice prematurely exhibits age-specific changes including changes in certain tissues or these degenerative changes occur for reasons distinct from those that contribute to osteopenia, atrophic skin, liver lesions, and shortened life span (Vogel et al., 1999) . Likewise, a strain of DNAaging in wild-type animals. Of note, degenerative changes in these models occur in both highly proliferative (intesPKcs-deficient mice recently has been noted to exhibit age-related pathologies, with osteopenia, intestinal attine and skin) and relatively less proliferative (bone and liver) tissues, apparently sparing many other tissues of rophy, thymic lymphoma, and reduced longevity (Espejel et al., 2004b). There are several potential explanaboth types. These observations argue against a simple relationship between mitotic status and dependence on tions to account for how NHEJ deficiency could cause aging-like phenotypes. As described above, spontane-NHEJ in the suppression of aging. In addition to the above considerations, other models ous DSBs in Ku80-or DNA-PKcs-deficient animals coming regarding the functions of the four remaining cussed above, environmental factors including housing conditions, infectious agents, diet, and many other inSIRTs, SIRT4-SIRT7, but these remain candidates for fluences, also likely play a significant role in the expresproteins that may regulate longevity through genome sion of aging phenotypes in mouse models and, perstabilization.
haps, in humans as well. Thus, aging is likely the outcome of a complex interplay between the genetic Conclusions endowment of an organism and the stresses placed The hypothesis that nuclear DNA, a critically important upon it by its particular environment. cellular constituent that cannot be replaced, is an imAll mouse models that link DNA repair to aging posportant target of age-related change is supported by sess defects in DNA repair and have shortened life evidence that nuclear DNA damage and mutations acspans. It is important to bear in mind the potential pitcumulate with age. While ROS are likely to be one imfalls of such models (Hasty and Vijg, 2004; Miller, 2004) . portant source of this damage, there are numerous Aging encompasses a wide spectrum of degenerative other cellular and environmental sources of damage, processes, many of which are quite nonspecific, both and the impact of such lesions may be enhanced by clinically and pathologically (Harrison, 1994) . Thus, it is age-related compromise of DNA repair. In the latter difficult to arrive at a strict, experimentally useful definicontext, most premature aging syndromes are caused tion of aging. Factors implicated in organismal decline by mutations in genes encoding proteins involved in in genetic models might not play a role in the normal DNA repair (Karanjawala and Lieber, 2004). Accumulaaging processes. A related difficulty is that premature tion of mutations in critical genes may be one general aging models fail to recapitulate all aspects of aging mechanism by which compromised DNA repair could but are instead "segmental progerias" (Hasty and Vijg, contribute to aging. In addition, p53-mediated senes-2004; Miller, 2004) ; that is, they reproduce in an accence and apoptosis, in response to DNA damage, also celerated fashion some but not all aspects of aging as likely contribute to aging (Figure 6) . Indeed, the fact that it occurs in wild-type animals. In this regard, the myriad lesions in several disparate repair systems cause phehistopathologic changes of normal aging (Table 2) cornotypes that are broadly similar to one another (Table 1) respond poorly with the changes that occur in models is consistent with the notion that the specific chemical of premature aging (Table 1) . Mammalian aging is not nature of the accumulated DNA lesions may be less likely a single process but rather the decline of many important than their ability to activate the common celsomatic functions, heavily influenced by the environlular checkpoint machinery. ment; this is a complex interplay that is extremely diffiIt remains unclear why only certain DNA repair mucult to model accurately. For these reasons, genetic tants in particular pathways show progeroid phenomodels of extended life span are likely to be more infortypes. In some cases, it may simply be that some mumative than models with reduced longevity with retants have not been scrutinized sufficiently to reveal spect to physiologically relevant causes of decline and such effects. However, genetic background effects almortality; in such long-lived organisms, life span-limitmost certainly play an important role in modifying the ing factors must of necessity be counteracted. aging-like manifestations of DNA repair deficiencies.
There are many outstanding questions regarding the Also, it must be remembered that many of the DNA reconnection between DNA repair and aging that will pair genes and factors implicated in suppressing aging benefit from the application of emerging techniques in also play roles in cellular processes other than DNA remolecular biology and genetics. In models of premature pair, and therefore aging-like phenotypes might be enaging, the most vulnerable system fails first, leading to hanced by impairment of other cellular functions in death and precluding gain of insights from effects on other, potentially more relevant, organ systems. This conjunction with altered DNA repair. In addition, as dis-
